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Supplementary Note 1. The extrinsic contribution to the measured on-field loops
Generally, the electrostatic effect contributes to measured first harmonic response, R(1ω), in PFM in proportion to the potential difference between the tip and sample surface via capacitive forces, according to the equation:
where α is the sensitivity factor of the detection system, k C contact stiffness , z C capacitance gradient of the tip-sample system, V sp surface potential of the sample, and V ac /V dc applied a.c./d.c.
voltages on the tip. For typical ferroelectric samples, the electrostatic interaction in the tip-sample junction is conservative; i.e., the sample surface potential does not change significantly during BEPS measurements. Therefore, the electrostatic contribution to the on-field R(1ω) loop is a straight line with little hysteresis, as schematically shown in Supplementary Figure 1a . This is the reason why BEPS is predominantly performed in an off-field mode or only off-field loop data is paid attention to so as to minimize the electrostatic contribution. Supplementary Fig. 1b shows an example of bipolar switching loops measured on an epitaxial tetragonal-phase PZT thin film, which are in good agreement with the schematic. For our BFO thin film, the electromechanical response is found to be dominating compared to the electrostatic response even for on-field loops under our experiment conditions. Supplementary Fig. 1c,d shows two examples of on-field loops measured with the same parameters using a single tip, when it was relatively fresh (d) and significantly worn after long time usage (c). Note that electromechanical response in PFM is sensitive to the very tip apex; deterioration of the coatings therein reduces the effective local electrical fields and thus the measured response decreases (meanwhile the coercive biases increase and the loops appear to become broader). By contrast, the electrostatic forces mainly originate from the tip cone and cantilever beam and thus is far less sensitive to the wearing of tip apex coatings. The electrostatic contribution can be subtracted from the measured on-field loops based on the slopes shown on them, as illustrated in Suppl. Fig. 1c . In the cases of Suppl. Fig. 1d and most of the data presented in the Main Text, nevertheless, this subtraction can be of little significance for our analysis especially regarding the phase transition regions where the piezoresponse is markedly enhanced.
In BEPS, conduction current flowing through the tip-sample junction can cause Joule heating that induces thermal expansion of the junction thereby potentially contributing the measured signals. 4 The Joule heating induced strain is proportional to the power (P) consumed on the tip-sample junction and expansion coefficients (β) of the sample as well as the tip, x = β P. In a general sense, assuming an ohmic conduction behavior with constant resistance R, P = R I 2 . For on-field BEPS measurements, conduction current I = I dc + I ac sin(ωt) due to both d.c. and a.c.
applied voltages. This leads to a first harmonic response as a function of V dc :
Analysis of this effect can be made from two aspects. First, let us consider the V dc dependence (i.e., case is two orders of magnitude higher than the BFO case, and measurable first harmonic response does exist and is in strong correlation with the I-V curves. This response, however, is much lower than the true piezoresponse of our BFO sample (c.f. Suppl. Fig. 2b,c) . The contact resonance frequency of Si shows minute (~100 Hz) softening at high (positive) biases, presumably as a result of Joule heating taking place at the tip-sample junction. Note that although BFO has slightly lower heat capacity and higher thermal expansion coefficients than Si amounting to somewhat stronger Joule heating expansion effect in principle, 5 our comparative results still provide good indication of the contribution from this effect to the measured signals in BEPS. In addition, we also carried out finite element modeling of the Pt-BFO junction using Comsol Multiphysics 4.4 software based on the experimental parameters and measured conduction current. The temperature rises at the junction were found to be less than a few Kelvin which can be neglected for the main issues addressed in this work.
Supplementary Note 2. Quantitative analysis of the local elasticity of BiFeO 3
We chose three high quality commercially available single crystals of Si(001) wafer, PPLN (periodically-poled LiNbO 3 , in z-cut) and SrTiO 3 (001) as reference samples. The elastic moduli of these materials are expected to bracket those of BiFeO 3 . We performed contact resonance atomic force microscopy (CR-AFM) measurements of these samples, using the photothermal excitation method as we recently reported. 6 An indentation force of 300 nN was set based on cantilever stiffness values calibrated with the standard thermal noise method, and was kept the same for all samples. To minimize uncertainties in contact radius arising from tip wearing during contact mode scanning, we acquired single point contact resonance spectra at over five random locations over each of the samples instead of acquiring CR-AFM images. For 50 nm BiFeO 3 (BFO) thin film, those locations were chosen away from surface corrugation regions (based on tapping mode images)
that very likely correspond to domain walls. The resonance frequencies, f C , measured on the reference samples showed variation less than ~500 Hz pertaining to their structural homogeneity as well as extremely smooth polished surfaces. For the BFO film, the f C showed up to ~1 kHz maximum variation presumably largely due to different local curvatures in the topography. For the following analysis, we used the average measured f C values and neglected the measurement errors.
Then we derived contact stiffness, k * , from the measured f C and free cantilever resonance frequency f 0 using cantilever dynamics models that we solved numerically based on the mathematic formalism of Rabe 7 and typical geometry factors of PPP-EFM cantilevers (see our previous results in Ref. [6] ). With the contact stiffness values quantified, we were able to calculate elastic moduli of 
